IN DISEASED KIDNEYS PROTEINURIA and progression to end-stage renal failure are often linked in a wide variety of dissimilar disease states (1, 31, 42) , and progression of the disease tends to correlate well with the extent of tubulointerstitial fibrosis (TIF) (6) . A variety of studies have supported a direct pathogenic role of proteinuria in proximal tubular cells (PTC) (9, 38, 39, 44 -47, 53 ). The mechanisms involved in the pathogenesis remain complex and multifactorial but include increased oxidative metabolism in the PTC triggering the generation of multiple mediators of tissue injury including chemokines, cytokines, and growth factors mediating TIF. It has been claimed that fatty acids (FA) bound to albumin rather than the protein per se mediate much of the pathogenic effects of proteinuria (30) .
Reactive oxygen and nitrogen species (ROS) are important physiological regulators of redox processes and are increasingly implicated in the progression of different renal diseases (29, 39) . Increased generation of ROS has been reported to lead to maladaptive responses to oxidative stress and/or in gene expression in PTC, but data in support of this are limited (28, 38, 39) . Recent studies have indicated that exposure of PTC to albumin for 30 min increases the cellular hydrogen peroxide (H 2 O 2 ) content that serves as a signal for the activation of the ROS-sensitive nuclear transcription factor, NF-B (p50 -65 subunits) (38) .
ANG II is also independently involved in the pathogenesis of progressive renal injury in varied kidney diseases (20, 36) . ANG II has complex injurious effects on the PTC, particularly in promoting the generation of mediators of TIF. These nonhemodynamic effects of ANG II are mediated primarily through ANG II type 1 receptors that are present throughout the kidney but expressed in increased numbers in the PTC (10) . ANG II also appears to be a potent inducer of renal oxidative stress both in vivo and in vitro (16, 23, 24) . Angiotensinconverting enzyme (ACE) inhibitors and ANG II receptor blockers reduce proteinuria and slow the rate of decline of renal function in patients with progressive kidney diseases (1, 31, 42) , but it has not been possible to differentiate whether the benefit conferred by these agents is related to a reduction in proteinuria or to blocking proinflammatory, profibrotic, and other effects of ANG II (5) .
This study addressed the potential involvement of oxidative stress in the responses of immortalized human PTC (HK-2) to overload with human serum albumin (HSA). Our hypothesis was that increased oxidative metabolism following HSA overload in PTC and the resulting increased oxidative stress would mediate the maladaptive responses and changes in gene expression. Markers of oxidative stress, antioxidant defences, transcription factor activation, and changes in stress-related gene expression were examined. The separate effects of ANG II on these processes were also determined.
METHODS AND MATERIALS

Cell Culture Techniques
Immortalized human proximal renal tubular epithelial HK-2 cells were obtained from the American Type Culture Collection (CRL-2190, Rockville, MD). Cells were tested and shown to be negative for mycoplasma using the Hoechst 33258 (Bisebenzamide) DNA staining method (Sigma, Poole, UK). Cells were cultured until 90 -95% confluent into six-well plates or T75 flasks in DMEM/Ham's F12 medium supplemented with 5.5 mM glucose, 2 mM L-glutamine, 5 g/ml insulin, 5 g/ml transferrin, 5 ng/ml sodium selenite, 0.4 g/ml hydrocortisone, 5 ng/ml epidermal growth factor, 100 U/ml penicillin, 100 g/ml streptomycin, 20 mM HEPES, and 10% FCS.
Albumin Overload Model
Except where stated, the HK-2 cells were growth arrested for 48 h in serum-free medium (SFM) without added growth factors. Before harvest, cells were exposed for 24 h to one of two different HSA preparations (0 -30 mg/ml); globulin-free fatty acid-free (GF/FAF) or globulin-free with attached fatty acids (GF) HSA (Sigma) in SFM. All studies were performed on cultures over a range of no more than 10 passages from the original stock.
Experiments with Exogenous ANG II and Candesartan
In some experiments, HK-2 cells were treated with either ANG II (1 M) or candesartan (0.1 M) or with both ANG II and candesartan for 24 h in SFM alone or supplemented with HSAs. Candesartan (AstraZeneca, Moelndal, Sweden) is a specific ANG II type 1 receptor blocker. In experiments in which ANG II and candesartan were used, HK-2 cells were first preincubated with candesartan in SFM for 1 h to saturate the ANG II receptor sites before the addition of ANG II.
Cell Viability Studies
Adherent and floating cells were harvested every 24 h for up to 72 h after exposure to either SFM alone (control) or to HSA preparations (0 -30 mg/ml). Cell viability was assessed using the Trypan blue exclusion assay. The number of live and dead cells (stained blue) was counted, and the viability was expressed as the percentage of live cells within the total number of cells counted. Apoptosis was examined using terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) labeling in control cells and cells exposed for 24 h to HSA preparations (30 mg/ml), using TACS TdT apoptosis detection kit as recommended by the manufacturer (R&D Systems Europe).
Light Microscopy and Staining for Lipid Deposits
Oil red O staining was used to examine cellular lipid deposits in HK-2 cells grown on sterile glass coverslips and exposed for 24 h to SFM alone or SFM supplemented with HSAs. Cells fixed with 3.7% formaldehyde for 10 min at room temperature were stained for 10 min in 0.1% Oil red O in 60% isopropanol. The nuclei were counterstained with Harris hematoxylin, and the coverslips were mounted in aqueous mounting medium. Slides were examined by light microscopy (Zeiss Axiovert 200M, Carl Zeiss GmbH).
Endocytosis of Albumin by HK-2 Cells
This was determined using a modification of previously described methods (11, 34) . Briefly, the HSA (either GF/FAF or GF HSA) preparations were labeled with fluorescein isothiocyanate (FITC) FluoroTag FITC conjugation kit (Sigma). Confluent cells were exposed for 45 min at 37 or 4°C to FITC-labeled albumin fractions (GF/FAF-FITC or GF-FITC) in SFM. Cells were lysed in 0.1% Triton X-100 in PBS. Samples were centrifuged and fluorescence was measured in the supernatants using FluoStar Optima microplate reader (BMG Labtechnologies). The protein content of the samples was determined by the BCA assay (Sigma).
Marker of Proximal Tubule Cell Turnover/Injury
Cells were exposed as described for 24 h either to SFM alone or SFM supplemented with 0 -30 mg/ml of HSAs. The N-acetyl ␤,Dglucosaminidase (NAG) activity released into the culture media was measured using a commercial kit (PPR Diagnostics, London, UK) based on the hydrolysis of 2-methoxy-4-(2Ј-nitrovinyl)-phenyl 2-acetamido-2-deoxy-␤ D-glucopyranoside (MNP-GlcAc) (52) .
Other Biochemical Analyses
Markers of oxidative stress. GLUTATHIONE CONTENT. After incubation of HK-2 cells in SFM for 24 h in the presence or absence of HSAs, cells were harvested in 550 l 1% sulphosalicylic acid (SSA; n ϭ 6) and the samples were centrifuged at 11,000 g for 10 min at 4°C (Eppendorf, model 5402). The supernatants were collected and analyzed for glutathione (reduced and oxidized) using the glutathione recycling methods of Anderson (2) as modified by McArdle et al. (33) . The reaction was followed at 415 nm using a Benchmark microplate reader (Bio-Rad). The protein pellets were washed in 1% SSA, and the protein content was determined using the modified Lowry method (33) . Oxidized glutathione was measured using the same assay after derivitizing the samples with 2-vinylpyridine to prevent reduced glutathione from involvement in the cycling reaction.
TOTAL PROTEIN THIOL CONTENT. The pellets obtained following preparation with SSA in the glutathione assay were resuspended in 1 ml of ice-cold 0.5 M Tris⅐HCl buffer, pH 7.6, and the thiol content was determined using a 5,5-dithiolbis-2-nitro-benzoic acid methods (33) . The absorbance was measured at 415 nm using a Benchmark microplate reader.
ASSESSMENT OF LIPID PEROXIDATION. After incubation for 24 h in the presence or absence of HSAs, cells were harvested in 550 l ice-cold 2 M acetate buffer at pH 3.5 (n ϭ 6). The extent of lipid peroxidation was determined by measuring the malondialdehyde (MDA) content of HK-2 cells using HPLC with fluorescence detection (18) . The protein content of the HK-2 cells was determined using a modified Lowry method (33) .
Enzyme Activity and Protein Analyses
Analysis of antioxidant enzyme activities. Cells were harvested in 550 l of PBS/well and sonicated for 10 s at 15 microns (Soniprep 150, Sanyo Scientific; n ϭ 6). The cell extracts were centrifuged, and the protein content was measured by the BCA method (Sigma).
Catalase activity was measured using the method of Claiborne, based on the breakdown of H 2O2 (13) . Glutathione peroxidase (GPx) activity was measured using the method of Flohe and Gunzler (17) .
Superoxide dismutase activity. The superoxide dismutase (SOD) activity in HK-2 cells was assessed using activity gels as described by Beauchamp and Fridovich (4) . Briefly, cells were harvested in 150 l of 0.05 M potassium phosphate buffer containing 0.1 mM EDTA (pH 7.8). Cell extracts were then sonicated as described above and clarified by centrifugation (16,000 g for 10 min at 4°C). Ten micrograms of the total protein were resolved on 10% nondenaturing PAGE. The gels were stained in 4.9 mM nitro blue tetrazolium, 0.66 mM riboflavin, and 15 mM TEMED for 15 min in the dark. The activity of CuZnSOD and MnSOD was visualized under bright light as white bands on a dark blue background. The intensity of the signal from each band was corrected for background signal and expressed as a percentage of the activity of control cells and used to quantify enzyme activity (using Quantity One software, Bio-Rad, Hemel Hempstead, UK).
Western blotting. Control cells and cells exposed to HSAs (n ϭ 6) were harvested in 150 l of 150 mM NaCl, 20 mM Tris⅐HCl, and 1% NP-40 (pH 7.5) supplemented with CompleteMini inhibitor cocktail (Roche Diagnostics). The cell suspensions were lysed on ice with intermediate vortexing. The samples were then centrifuged at 4°C for 5 min at 16,000 g, and the resulting supernatants were stored at Ϫ70°C. The protein concentration of the sample was determined using the BCA method. Aliquots of samples containing 35 g of total protein were heated for 5 min at 95°C in denaturing loading buffer. The proteins were then resolved on 12.5% SDS-PAGE mini gels and blotted onto nitrocellulose membranes. The membranes were blocked overnight at 4°C in Blotto [5% skimmed milk in PBS supplemented with 0.05% Tween 20 (PBST)] and exposed for 1.5 h at room temperature to CuZnSOD and MnSOD primary antibodies (Stressgen) using antibody dilutions as recommended by the manufacturer. The membranes were repeatedly washed in PBST and exposed for 45 min at room temperature to peroxidase-conjugated secondary antibodies (1:10,000; Sigma). Protein bands were visualized using SuperSignal West Dura Extended duration chemiluminescent substrate (Pierce/ Perbio Science) and recorded using a Chemidoc XRS imaging system and Quantity one software (Bio-Rad). The intensity of the signal from each band was corrected for background signal and expressed as a percentage of the content of control cells.
Molecular Biology Methods
Isolation of nuclear extracts. Cytoplasmic and nuclear extracts were isolated using the NE-PER Nuclear and Cytoplasmic Extraction Reagents Kit (Pierce/Perbio Science). Kit buffers were supplemented with a CompleteMini TM protease inhibitor cocktail (Roche Diagnostics) as recommended by the manufacturer. The protein content of HK-2 cells was determined by the BCA assay (Sigma).
EMSA. EMSA to examine DNA binding by the transcription factors NF-B and activator protein-1 (AP-1) was performed using Gel Shift Assay Systems (Promega) according to the manufacturer's protocols. Briefly, 2 g of nuclear extract were incubated for 30 min on ice with [ 32 P]labeled NF-B or AP-1 consensus nucleotides. Samples were then analyzed on 6% nondenaturating acrylamide gel and the DNA-protein complexes were visualized using Storage Phosphor Screens (Amersham Pharmacia Biotech, Little Chalfont, UK) and Personal Molecular Imager FX (Bio-Rad). Further analyses of the images were carried out using Quantity one software (Bio-Rad).
In competition studies, 125-fold molar excess of cold NF-B or AP-1 oligonucleotides were incubated for 10 min at room temperature with the nuclear extract before the addition of [ 32 P]labeled NF-B or AP-1 nucleotides, respectively. SP-1 oligonucleotide (125-fold molar excess) was used as the nonspecific control.
RNA extraction. Total RNA was isolated from HK-2 cells grown in T75 flasks using Tri-reagent (Sigma) as recommended by the manufacturer's protocol. The RNA content of the samples was measured using RiboGreen RNA Quantitation Reagent (Molecular Probes, Invitrogen). The integrity of the total RNA was verified on denaturing agarose-formaldehyde gel.
cDNA array analysis. Atlas Human Stress Arrays with 234 stressrelated genes immobilized on nylon membranes (Clontech, BD Biosciences) were used to identify the changes in mRNA expression in HK-2 cells in response to HSA overload with or without ANG II. To minimize the number of false positives and negatives in mRNA expression, equal amounts of total RNA from three separate experiments were pooled together and transcribed into [ 32 P]labeled firststrand cDNA using Atlas Array-specific primer mix. Labeled cDNA was purified from unincorporated 32 P by column chromatography, and the cDNA probes were allowed to hybridize to the atlas arrays for 16 h at 68°C using methods as recommended by the manufacturer. The arrays were then washed repeatedly and exposed for 6 and 72 h to Storage Phosphor Screens (Amersham Pharmacia Biotech). The phosphor screens were scanned using a Bio-Rad Personal Molecular Imager FX (Bio-Rad, Hercules, CA).
Real-time PCR. RT-PCR was performed with 1 g of total RNA from HK-2 cells using iScript cDNA synthesis kit (Bio-Rad Laboratories) as recommended by the manufacturer. Real-time PCR was carried out using iCycler iQ Multicolor Real-Time PCR Detection System (Bio-Rad Laboratories), iQ SYBR Green Supermix (Bio-Rad Laboratories), and specific primers for human CREB1, extracellular SOD (EC-SOD), and MnSOD (Table 1) . Standard curves were generated with the primers by plotting copy numbers vs. threshold cycle (Ct). The linear correlation coefficient (R 2 ) for the five primer pairs ranged between 0.996 and 0.999. The primer efficiencies were calculated based on the slopes of the standard curves (E ϭ 10 Ϫ1/slope ) (41). Real-time PCR reactions for each cDNA were performed simultaneously and normalized to GAPDH.
Data Analysis
Statistical analyses were carried out using the Statistical Package for Social Sciences (SPSS version 11.01, Surrey, UK). All data were expressed as means Ϯ SE. Data were analyzed using a one-way repeated-measures ANOVA. Where a significant value was observed, Tukey's HSD post hoc analysis was performed to identify where the significant differences occurred. A P value of Ͻ0.05 was considered significant.
cDNA Array Data Analysis
The array images were analyzed using AtlasImage 2.01 bioinformatic software (Clontech, BD Biosciences). Global normalization was performed to compensate for different labeling efficiencies of RNA samples. To increase the stringency of the gene array data analysis further, a cut-off factor was calculated for each gene array as the average of the intensities of three weakly expressed genes (c-fos proto-oncogene, ERK-2, and XRCC2). This coefficient was subtracted from the intensity of each signal and 0 intensity was assigned to genes with corrected intensities of Յ0. Data presented represent the fold change in signal intensity compared with control cells. An increase exceeding twofold or a reduction to less than one-half in expression was considered significant.
Data Deposition
The gene array data contributing to this publication have been deposited in NCBIs Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number GSE5240.
RESULTS
Effect of Albumin Overload on Cell Viability, Morphology, and NAG Activity in HK-2 Cells
Cell viability. Cell viability assessed using Trypan blue was uniformly greater than 95% for both control (Co) cells incubated for up to 48 h with SFM alone or SFM supplemented with globulin-free fatty acid-free (GF/FAF) or globulin-free (GF) HSA (0 -30 mg/ml). At 72 h, there was a significant decrease in cell viability for both Co cells and those exposed to HSA. Representative data are shown in Fig. 1A from experiments using 30 mg/ml HSAs.
ANG II was found to decrease cell viability following 24-h exposure in both HSA-treated ( In both Co cells and cells exposed to HSA incubation with candesartan alone or coincubation with candesartan and ANG II, there was no effect on cell viability regardless of the HSA fraction used (data not shown). There were also no differences in the rate of cell growth at 24, 48, or 72 h between cells exposed to HSA overload and those incubated with ANG II, candesartan, or coincubated with candesartan and ANG II (data not shown).
There was no evidence of significant apoptosis in either control cells or HK-2 cells exposed to HSA preparations at concentrations up to 30 mg/ml (data not shown).
HK-2 cell morphology. Lipid droplets were observed in the cytoplasm of HK-2 cells treated with GF HSA (Fig. 1B) . By contrast, there were no lipid inclusions seen in Co cells or in cells exposed to GF/FAF HSA. Representative images from cells treated with 30 mg/ml of GF/FAF and GF HSA are shown in Fig. 1B (ii and iii, respectively) . ANG II treatment did not affect cell morphology in control cells or cells exposed to HSA (data not shown). There was no significant difference in the rate of uptake (endocytosis) of the FITC-labeled albumin with either HSA preparation (data not shown).
NAG activity. There was a significant increase in NAG release into the culture media following exposure of HK-2 cells to GF/FAF HSA compared with Co cells. NAG activity was significantly elevated following 0.5 mg/ml HSA but the increase plateaued over 2.5 mg/ml HSA (Fig. 1C) . With GF HSA, there was also an increase in NAG activity but this was only significant with greater than 5 mg/ml HSA (7.7 Ϯ 0.6 mol/mg) compared with Co cells (6.2 Ϯ 0.1 mol/mg).
Markers of Oxidative Stress in HK-2 Cells Overloaded with Albumin
Glutathione, protein thiol, and MDA content. There were no significant changes in the total glutathione and the total protein thiol content of HK-2 cells exposed to HSAs compared with Co cells regardless of the concentration of HSA used (data not shown). By contrast, exposure of HK-2 cells to either HSAs led Fig. 1 . Effect of human serum albumin overload on cell viability, morphology, and NAG activity in HK-2 cells. A: cell viability. i: HK-2 cells (n ϭ 6) were exposed for 24 -72 h to SFM alone (Co), globulin-free fatty acid-free (GF/FAF) HSA, or globulin-free HSA with attached fatty acids (GF; 30 mg/ml HSA). *P Ͻ 0.05 cf. respective viabilities at 24 h. ii: HK-2 cells (n ϭ 6) were exposed for 24 h to GF/FAF HSA (30 mg/ml) in the presence or absence of ANG II (1 M). *P Ͻ 0.05 cf. incubation with HSA alone. B: morphology. Cells were incubated for 24 h with SFM alone (i) or SFM supplemented with GF/FAF HSA (ii) or GF HSA (iii). Cells were stained with Oil Red O for lipid inclusions droplets, as indicated with arrows. C: extracellular NAG lysosomal activity. HK-2 cells (n ϭ 6) were exposed for 24 h to increasing concentrations of GF/FAF HSA (0 -30 mg/ml). *P Ͻ 0.05 cf. control cells without HSA.
to a significant increase in the percentage of glutathione in the oxidized form compared with Co cells, and this effect was greater using GF HSA fraction. This effect was apparent at greater than 2.5 mg/ml of GF HSA but did not increase further above 5 mg/ml HSA (representative data are shown in Fig. 2A) .
Incubation of control cells with either ANG II or candesartan led to a significant reduction in the total glutathione content of HK-2 cells. Values fell from 53.7 Ϯ 4.7 nmol/mg in Co cells to 38.9 Ϯ 2.4 nmol/mg in cells after the addition of ANG II (P Ͻ 0.05). There was a similar effect following incubation with candesartan alone [the total glutathione fell to 39.6 Ϯ 1.7 nmol/mg (P Ͻ 0.05)]. This effect was not seen following coincubation of cells with both ANG II and candesartan. The total glutathione content of HK-2 cells exposed to HSAs was unaffected by the addition of ANG II, candesartan, or coincubation with both ANG II and candesartan (data not shown). The oxidized glutathione content of control and HSA-treated cells was also unaffected by ANG II or candesartan addition neither was the thiol protein content of control or HSAexposed cells following the addition of ANG II, candesartan, or both (data not shown in detail).
In titration experiments using GF HSA, the MDA content in HK-2 cells increased significantly in a dose-dependent manner above 10 mg/ml of GF HSA (Fig. 2B) and was greater at 30 mg/ml (706.3 Ϯ 36.9 pmol/mg). By contrast, the MDA content was significantly reduced in cells exposed to GF/FAF HSA compared with Co cells falling from 164.7 Ϯ 19.4 to 104.0 Ϯ 15.8 pmol/mg (P Ͻ 0.05) on exposure to 30 mg/ml HSA (data not shown in detail).
The addition of ANG II significantly decreased the MDA content in cells exposed to SFM alone. Levels fell from 164.7 Ϯ 19.4 to 88.5 Ϯ 6.9 pmol/mg (P Ͻ 0.05). Coincubation of Co cells with candesartan or with both ANG II and candesartan had no effect on the MDA content (data not shown). No significant changes were observed following exposure of cells to the different HSA preparations with ANG II, candesartan, or to both ANG II and candesartan.
Adaptation of HK-2 Cells to Oxidative Stress Induced by Albumin Overload
Catalase. Catalase activity was not altered in HK-2 cells incubated for 24 h with either HSA preparations compared with control cells. At 30 mg/ml HSA, catalase activity was 11.8 Ϯ 1.3 m U/mg (GF/FAF HSA) and 11.2 Ϯ 0.5 m U/mg (GF HSA) compared with control cells (13.0 Ϯ 1.5 m U/mg). The addition of either ANG II or candesartan alone or coincubation with ANG II and candesartan also had no effect on catalase activity (data not shown).
Glutathione peroxidase. Glutathione peroxidase (GPx) activity was not significantly altered following HSA overload. At 30 mg/ml HSA, GPx activity was 346 Ϯ 41 mU/mg (GF/FAF HSA) and 404 Ϯ 28 mU/mg (GF HSA) compared with control cells (302 Ϯ 30 mU/mg). The addition of either ANG II or candesartan alone or coincubation with ANG II and candesartan also had no effect on GPx activity (data not shown).
SOD. There was a significant increase in MnSOD activity in HK-2 cells exposed for 24 h to ANG II or to GF/FAF HSA but not following exposure to GF HSA (Fig. 2C) . By contrast, the activity of CuZnSOD was unaffected by exposure to ANG II or to either HSA preparation and was not significantly different to control cells throughout (data not shown).
Transcription Factor NF-B and AP-1 Activation in HK-2 Cells Overloaded with Albumin
NF-B. EMSA of nuclear extracts from HK-2 cells analyzed for NF-B DNA binding activity demonstrated the presence of three bands as indicated in Fig. 3A . The nonspecific competitor (cold SP-1) decreased the intensity of band 1 but had no significant effect on bands 2 and 3. However the specific competitor (cold NF-B) reduced the intensity of bands 1 and 3 in comparison with the untreated extracts (positive control). ANG II or overload of the cells with either HSA had no effect on any of the three bands compared with untreated Co cells.
AP-1. Nuclear extracts from control HK-2 cells displayed a band representing AP-1 binding to DNA (Fig. 3B) . The spec- ificity of the binding reaction for AP-1 was confirmed in a series of experiments with specific and nonspecific competitive inhibitors. Unlabeled (cold) AP-1 oligonucleotide (specific competitor) was able to reduce the intensity of the band, whereas there was no effect on this binding (band unaffected) using cold nonspecific competitor SP-1 (Fig. 3B) . A substantial increase of the AP-1 binding activity was seen following exposure of HK-2 cells to ANG II alone or to GF/FAF HSA and GF HSA (15 and 30 mg/ml). This effect was maximal after incubation with GF HSA as shown in Fig. 3B . Also, following the addition of specific antibodies to c-Jun or c-Fos, there was a clear decrease of the AP-1 binding activity indicating that the complex represented a heterodimer of cJun/cFos (Fig. 3C) .
Expression of Stress-Related Genes in HK-2 Cells Overloaded with Albumin
Exposure of HK-2 cells for 24 h to different HSA preparations at 30 mg/ml modulated the expression of stress-related genes compared with Co cells cultured in SFM alone ( Table 2 ). The changes in gene expression are represented schematically in Fig. 4A illustrating the number of upregulated or downregulated genes in cells treated with HSAs including those genes commonly affected by both HSAs. The majority of the genes affected by HSAs could be grouped into those involved in cell signaling and cell stress or antioxidant defences, protein turnover, and DNA repair/DNA replication, and these are listed in Table 3 .
Albumin overload in HK-2 cells using either HSA preparation (GF/FAF HSA or GF HSA) was associated with the upregulation of 29 stress-related genes by GF/FAF HSA and 26 genes with GF HSA. Of these upregulated genes 15 were commonly upregulated by both HSAs (Fig. 4A) . Additionally, exposure with either GF/FAF HSA or GF HSA (with attached fatty acids) led to further separate changes in 14 and 11 other genes being upregulated, respectively.
Incubation of HK-2 cells with ANG II alone induced upregulation in the expression of 48 stress-related genes ( Table 2) . Almost half of these upregulated genes were unique to ANG II exposure and of these almost a third were related to heat shock protein (HSP) genes (Tables 2-3 and Fig. 4B ). Other genes affected exclusively by ANG II included those related to various transcription factors, genes involved in cell signaling, and DNA repair/DNA replication.
Moreover, out of the 15 genes commonly upregulated by both HSAs there were 10 genes that were also upregulated by ANG II including gene expression for the EC-SOD and transcription factors as illustrated in Fig. 4B . Additionally, out of the 14 genes upregulated by GF/FAF HSA but not by GF HSA 11 were also upregulated after the addition of ANG II. The results of the gene array experiments also showed that out of 11 genes upregulated by GF HSA (but not by GF/FAF HSA) 6 were also commonly upregulated after the addition of ANG II.
Experiments to Examine the Validity of mRNA Data Obtained by Gene Array Analysis
Real-time PCR analysis of genes used to examine the validity of the cDNA array studies. Quantification of the mRNA levels of a number of genes shown to be increased by the cDNA array analyses was undertaken by real-time PCR. Of the three mRNA studied (CREB1, EC-SOD, and MnSOD), all were found to be significantly increased by exposure to HSA in accord with data obtained from the cDNA arrays (data not shown in detail).
Analyses of protein changes in HK-2 cells overloaded with albumin for 24 h. As a further check on the validity of the cDNA array data, MnSOD and CuZnSOD proteins were analyzed. The protein levels of MnSOD were significantly increased in HK-2 cells exposed to ANG II and GF/FAF HSA (Fig. 4C) . By contrast, there was no substantial change in the CuZnSOD protein content of HK-2 cells after exposure to ANG II, GF/FAF HSA, or GF HSA. ( The results of the activity of the MnSOD and CuZnSOD after exposure to HSAs and ANG II were previously described.)
DISCUSSION
We previously proposed a direct pathogenic role of protein, at the level of the PTC, in patients with diseased kidneys and proteinuria (47) , and examined the validity of this hypothesis in a series of clinical studies including proteinuric patients with chronic allograft nephropathy (7, 44 -47) . We have now examined the potential effects of albumin overload (mimicking heavy clinical proteinuria) on oxidative stress in HK-2 cells and investigated the interplay between albumin overload and ANG II on the patterns of changes in cellular gene and protein expression stimulated by oxidative stress. ANG II has previously been reported to induce oxidative stress and to be pivotal in the pathogenesis of progressive kidney disease and fibrosis (16, 20, 23, 24, 36) .
The results of the present study indicate that HSA overload causes 1) PTC hyperfunction, 2) oxidative stress, 3) adaptive responses, and 4) modification of stress-related gene expression in HK-2 cells. Some of these responses were common to both fatty acid-containing and fatty acid-free HSAs but others were unique to either the fatty acid-free albumin (GF/FAF) HSA or the fatty acid-containing HSA (GF). These data suggest that both albumin and the fatty acid moiety attached to albumin are important as separate factors in mediating responses but their pathogenic roles are not mutually exclusive with some features common to both. Thus the apparently disparate "proteinuria" hypotheses of mechanisms of injury are unlikely to be mutually exclusive. The effects of HSA overload were also independent of ANG II and unaffected by a specific ANG II type 1 receptor blocker, although there are ANG II type 1 receptors in HK-2 cells (48) .
Effects of HSA Treatment on Cell Viability, Morphology, and PTC Hyperfunction in HK-2 Cells
In this model, there was increased PTC uptake of albumin, endocytosis, and catabolism following HSA treatment of HK-2 cells and lipid cellular accumulation following exposure to GF HSA rich in fatty acids, but HK-2 cells were viable at all concentrations of HSA. In contrast, exposure of cells to ANG Continued II significantly reduced cell viability. Although differences in the isoelectric point of HSA preparations with or without attached fatty acids have been reported (15) , this clearly had no effect on the endocytosis of the two HSA preparations used, making it unlikely that differences in the physical properties of the GF/FAF HSA and GF HSA fractions had contributed to their differential effects seen.
The prolonged albumin overload model was used to mimic the effects of chronic proteinuria, and we used different HSA preparations to dissociate and identify effects of the fatty acids attached to albumin from those of albumin alone. Cell culture models mimicking proteinuric conditions in patients are species specific and dependent on the concentrations of albumin used. Albumin has been reported to both promote PTC proliferation and hypertrophy (at lower concentrations 0 -5 mg/ml) (26) but also induce apoptosis (at high concentrations Ͼ5-30 mg/ml in porcine PTCs) (14) . Despite these data from other PTC lines that albumin leads to apoptosis (14, 49), we observed oxidative stress and adaptive responses with no evidence of decreased viability with even the highest level of HSA supplementation in HK-2 cells. This also emphasizes the importance of cell specificity on the effects of albumin overload in PTC culture systems.
Effect of HSA Overload on Oxidative Stress
There was a significant increase in oxidative stress in the HK-2 cells following HSA exposure shown by an increased oxidized glutathione and an increase in the content of the marker of lipid peroxidation MDA. These effects do not appear to have been previously reported. Control experiments excluded any artefactual effect of HSA exposure on MDA due to an increased generation of MDA by HSA per se or the presence of MDA as a contaminant of the GF HSA preparation. In contrast, HK-2 cells exposed to GF/FAF HSA or to ANG II showed a significant decrease of the MDA content compared with control cells. This was a consistent finding regardless of the concentration of HSA or of ANG II used (data not shown in detail). These data suggest a complex role for albumin and ANG II quite separate from pathogenic effects resulting in a reduction in lipid peroxidation by acting simultaneously through multiple cell survival pathways.
Adaptation of HSA Overloaded Cells to Oxidative Stress
Analyses of the activities of antioxidant enzymes suggest that GF/FAF HSA-treated HK-2 cells had adapted to the presence of increased superoxide radical within mitochondria by an increase in mitochondrial SOD (MnSOD). No changes were seen in the defences against cytosolic superoxide (CuZnSOD) or increased H 2 O 2 (catalase or glutathione peroxidise) production. Upregulation of the expression of the extracellular SOD gene (confirmed by real-time PCR) also followed exposure to both HSAs. These data have not to our knowledge been previously reported.
Thus our data appear to indicate that the mitochondria are the likely site for the increased ROS generation in PTCs with HSA overload, although there are a variety of other potential sources for increased ROS generation in PTCs (28, 38, 39) . These include plasma membrane-associated sources of superoxide and H 2 O 2 [NAD(P)H oxidase and nitric oxide synthases], cytosolic sources (xanthine oxidase, cyclooxygenase, and lipooxygenase) in addition to mitochondria (19, 29, 50) . ROS may initially modulate appropriate adaptive responses particularly in relation to cell signaling, synthetic pathways, and phagocytosis. However, with increased, uncontrolled, and sustained production, we postulate that they may become maladaptive facilitating aberrant activation of signaling pathways and transcription factors promoting TIF.
The redox-sensitive transcription NF-B and AP-1 factors are normally present in inactive forms in the cytoplasm of renal PTC. Activation and translocation to the nucleus follow a variety of stimuli including oxidative stress. We observed significant activation of AP-1, but not of NF-B, in HK-2 cells exposed for 24 h to either HSA preparations or to ANG II. This pattern of activation does not appear to have been previously reported, although others have shown activation of both NF-B (37, 38) and of AP-1 (37) in HSA-treated HK-2 cells. In this previous work, the period of exposure to HSA was briefer (30 -60 min) and it may be that NF-B is activated for only a short period following exposure to HSA. The AP-1 transcription factor regulates many cellular processes and genes potentially involved in the progression of renal disease (35) . The mechanisms involved in the induction of AP-1 activity are complex, but the mitogen-activated protein kinase (MAPKs) superfamily has an important role. 40 -44) ; followed by genes commonly upregulated by GF/FAF HSA and ANG II (lines 45-55); followed by genes commonly upregulated by GF HSA and ANG II (lines 56 -61). "Upregulated" refers to more than a 2-fold increase in gene expression, dashes refers to no significant changes in gene expression. "Downregulated" in B refers to more than a 2-fold decrease in gene expression.
Changes in Stress-Related Gene Expression in HK-2 Cells Overloaded with Albumin
Significance of overall patterns of changes in gene expression. There were complex changes in gene expression linked with transcription factor activation and adaptive responses to oxidative stress, and we confirmed the validity of the DNA array data by examining some specific changes in gene expression in more detail. The novel data illustrate the complex pathogenic role of both the albumin and the fatty acid moiety attached to the albumin. Each appear to have independent effects in addition to triggering common changes in stressrelated gene expression.
Commonly upregulated changes in gene expression by both HSA. Upregulation of important redox-sensitive cell signaling genes including ERK6 gene expression (p38␥) was observed in HSA-overloaded cells. p38␥ Is a recently identified member of the p38 family of MAPKs (32) , which are particularly important in the signaling pathways promoting proliferation, inflammation, and fibrosis (43) . Gene expression of ERK6 was upregulated following exposure to either HSA fraction or to ANG II.
Among the other commonly upregulated genes with both HSA preparations were those for two other important antioxidant enzymes: EC-SOD, the primary extracellular scavenger of superoxide in renal PTC, and the "gastrointestinal" cytoplasmic enzyme GPx (GI-GPx). EC-SOD is the least abundant of the SOD enzymes but is prominent in PTC (40) .
Changes in gene expression specific to individual HSAs. The transcription factor CREB1 gene expression (a cAMP-responsive element-binding protein and a downstream target of ERK) was upregulated in the HK-2 cells (data confirmed by real-time PCR) following exposure to GF/FAF HSA (or ANG II) but was unaffected by GF HSA. CREB1 has multiple functions but with a particularly important role in cell survival in response to a moderate (nonlethal) ischemic/oxidative stress (3). These results suggest important differences between the two HSA in triggering different intracellular signaling pathways. Among other genes upregulated by GF/FAF HSA and ANG II, but not by GF HSA, were genes for MnSOD (confirmed by an increase in both MnSOD activity and MnSOD protein content). By contrast, GF HSA uniquely upregulated the ubiquitin-conjugating enzyme (UBE2A) mRNA levels. This is a part of the ubiquitin-protein ligase system involved in the transfer of activated ubiquitin moieties directly to a protein substrate (25) , and these data are in keeping with a response to increased cellular protein turnover in HSA-treated cells.
ANG II-Induced Oxidative Stress and Changes in Gene Expression in HK-2 Cells Independently from Observed Effects of HSA
Markers of oxidative stress and adaptive responses. Treatment of HK-2 cells with ANG II for 24 h was found to be associated with increased oxidative stress and adaptive responses in agreement with other studies (16, 23, 24) .
Changes in gene expression. Our results on gene array analysis following prolonged ANG II exposure are also novel and do not appear to have been previously reported. They illustrate complex regulation of gene expression by ANG II influencing regulatory processes linked with oxidative stress some of which are unique to the addition of ANG II and others commonly upregulated by one or both HSAs. Almost half of all genes upregulated following exposure to ANG II were unaffected by either HSA preparation, and a third of these were HSPs. These proteins can provide renoprotection via their chaperone functions or because of antioxidant effects (27) . Other functions for HSP include blocking of apoptotic signaling pathways (12) , which may have been relevant in the current model. In a previous study using rats, continuous ANG II infusion induced several HSPs in PTC, and some of these effects appeared to be independent of ANG II type 1 receptor activation (27) . The expression of MAPKK1 was also upregulated only after exposure to ANG II, an effect that can potentially be linked to the role of ANG II as a profibrogenic cytokine leading to increased extracellular matrix protein deposition and fibrosis (36) .
Previous data on the effects of ANG II using gene array analysis are limited. Braam et al. (8) used DNA microarrays analyses to study the direct effects of brief (4 h) exposure to ANG II (10 Ϫ7 -10 Ϫ8 M) in primary human PTC. They also reported ANG II induced rapid and complex regulation of the gene expression of several nuclear transcription factors and antioxidant genes (including EC-SOD as in our study).
Role of ANG II in HSA-treated HK-2 cells and pathophysiological implications. We anticipated that our data would show some synergy between the effects of ANG II and those of HSA overload on the measures of oxidative metabolism and oxidative stress but little was seen. We were unable to demonstrate that the addition of ANG II or the blocking of ANG II type 1 receptors with candesartan significantly affected markers of oxidative stress, adaptive responses, and transcription factor activation in the HSA-treated HK-2 cells. Rather our data suggested that the effects of HSA overload in HK-2 cells on these processes were independent of ANG II and not mediated via activation of ANG II type 1 receptor. We were also able to demonstrate that candesartan blocked the upregulation of more than two-thirds of the stress-related genes upregulated by ANG II in the HK-2 cells (data not shown) in keeping with the ability of candesartan to block angiotensin type 1 receptors in the HK-2 cells. In other studies, we showed that HK-2 cells express ANG II type 1 receptors (48) . An alternative explanation for our data would be that the HSA overload masked the effects of ANG II at the concentrations used. However, the addition of ANG II to HK-2 cells led uniquely to the upregulation of 21 genes. If HSA had triggered the release of endogenous ANG II, one would have expected these genes to have been also upregulated after exposure to the HSA fractions. This was not seen and strongly argues against a simple masking effect by the HSA on the role of ANG II in the HK-2 cells.
Initiation of oxidative stress under conditions where ANG II is increased has been claimed to involve the activation of NADPH oxidase (22) . However, the role of the different ANG II receptors in the generation of oxidative stress and the expression of NADPH oxidase in kidneys has not been established. Many of the pathogenic effects of ANG II are mediated by ANG II type 1 receptors, although ANG II type 2 receptors have been reported to have some separate pathogenic effects and also to have some effects that counter balance the effects of activation of ANG II type 1 (10, 20) . However, these data have not been sustained in recent elegant rat experiments (51) . Moreover, Remuzzi's group in mice (5) targeted deletion of the ANG II type 1A receptors and found that that this did not protect from progressive nephropathy following overload proteinuria suggesting that the toxic effect of protein on renal disease progression was not necessarily dependent on ANG II activation of type 1A receptors. Additionally, ANG II type 4 receptors have been described in HK-2 cells (21).
In conclusion, prolonged HSA overload in HK-2 cells was associated with complex effects in terms of oxidative stress, adaptive responses, and changes in stress-related gene expression. Some of these responses were similar with both HSAs, but others were unique to either GF/FAF HSA or GF HSA in keeping with important pathogenic roles for both the albumin and the fatty acid moiety and that their adverse effects are not mutually exclusive. These effects of HSA were also found to be independent of ANG II and not mediated via ANG II type 1 receptor activation. Thus these data suggest potential new pathways of PTC injury not linked with ANG II type 1 receptor activation or to hemodynamic mechanisms. Elucidation of these pathways potentially offers new approaches to intervention in an important and vexed problem that continues to drain resources.
